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PHOTOHARDimBU: EPOXY 
COMPOSITION 

This is a division of apiCcation Sar. No. 08/476,482. 
filed Jun. 7, 1995, now abandoned. 5 

This invention relates to photc^denable cwnpositions 
especially suitable for use in solid imaging. The oon9>osi- 
tions are formnlatcd to contrrf the diffusion sue* that Ifae 
photo-generated initiators of the poIymenzati<« aie am- 
tained wifliin the exposed rt^on improving ttie accuracy 10 
and resolution of imaged articles whUe at the same time 
in^oving the photospeed at the con^sition and the initial 
green strength of the imaged article. 

BACKGROUND OF THE INVENTION 
A solid imaging process is one wherein phot<Aaidenable 
materials are pofymerizcd layer by layer in an imagewise 
fashion. GenCTally the imaged regiwi, tJjat is that r<^OD 
exposed to actinic radiation, is required to harden to sudt an 
extent diat it can withstand disturbing foix«s sudi as shear ^ 
fOTces without significant distortion or damage. In most 
cunrent liquid based srfid imaging systems, for exan^Ie (be 
process described in U.S. Pat Na 5,006364 to Fan; a doctcr 
Wade is used to distribute and smooth the phofadiardenable 
liquid on top of a plalfoam, a supprat structure, or a 
previously imaged region. If the image region is insuffli- 
dentiy hardened or has poOT initiai green strength; it may be 
easily distorted by the force and movement of tbe doctor 
blade. Unsof^Kotcd imaged regitms, for cxan^e cantQe- 
vered layers and bridging layers between supports or otter ^ 
parts of an imaged article are of particular concern since 
these regions represent outer edges of the imaged article, and 
any deformation of Aese layers may result in a loss in 
toloance of die attide. 

Bpmy based i*otohardcnable compositions are citable 35 
(rf IHodudng articles having exceptionally id^ modulus; 
however, the nwdulus usually takes longer to develop aftex 
exposure when compared with, for exanq)le, acrylate pho- 
tohardenable coitpositions. n is possibie to speed-up the 
modulus development of epoxy i*otohardenable composi- « 
hons by mixing into the epoxy conqxisition ftee radical 
polymeiizable ctm^xwnds sudi as acrylates or vinyl comr 
pounds; but if the acrylic matrix causes tbe imaged regicm to 
vitrify too quicUy, the imaged layer formed ftom such a 
mixed resin coiiQ>o5ition may actually have lower initial 45 
green strength and possibly even lower final part strength 
than that of a layer or con^ilete article framed ftom tbc mwc 
slowly curing epoxy only conqxwition. It has been found 
fli^ wdy certain formulations of mixed free radical and 
catidnically polymeiizable monomers coii5x»itions provide so 
proper control of die rate and de^ee of cross-linking short 
of vitrification and tfierefore difiiision within the exposed 
regi<Hi of the photcAardenable composition and lead to an 
optimum balance which affords initial green strcn^ 
id^ article green streng&, and higji article final strengtt. 55 

An object of the present invmtion is to provide a precisely 
formulated and blended mix of epoxy and acrylic 
inonomers, {nrpolymers and oligomers to control the diffu- 
sion of the activated jAotoinitiatars such that Qjese activated 
species are concentrated in die imaged region increasiag fte eo 
control of p<rfymerization reaction so as to inwove initial 
green strength and im^c resolution. The precise formula- 
tion relates to the proper selection and concentration <rf the 
qjoxy and acrylic species that are blended into die jAoto- 
bardenable conqjositioa. ^ 

Another objective of the present invention is to control the 
initiation ctf polynBiization throughout the exposed r^on 
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and tiius control die dqxh of exposure by seiectioii and 
formtilaticm of the photoinitiatots to provide activity at at 
least two of die wavdengdis <ii activation radiation provided 
by the radiation source. 
5 Another objective <rf die present invention is to provide a 
l^otohardenable composition cfitimized for use widi the 
argcm ion laser 

Another objective of the present invention is to provide a 
jAotcdiaidenable composition diat is toloant to die presence 
^ of water and to provide a conqmsMon that shows little or no 
variation in initial green strength of imaged regions cr of 
cure rate as a result of the relative humidities of woric areas 
that arc 50% tx even higher. 

Another object of the present invention is to provide a 
metiK)d by whidi an article having high initial green strength 
and hig^ imi^e restdution can be produced by solid imaging 
tedmiques. 

SUMMARY OF THE INVENTION 

20 

The present invention provides a ]Aotohardenable epaxy 
conqxxsition fornuilated to improve initial green strengdi of 
articles formed from said composition by solid imaging 
techniques. The ccHiqx>sition conyxises a mixture of cat- 
25 ioni cally polymerizable «ganic substances conhined with a 
blend of free radical pcdymerizable caganic substances, a 
jdioto-generating acid prccurscw optionally associated widi a 
sensitizer, a £cee radical initiator and optionally water. 

The coiiqx>sition can furdier conqirise water. The con- 
30 centration of water is from 0.2 to 3% by wagjit based on die 
total we^t of the conqtosition. 

The coiiqx>sition further anqxises a pboto-gcncrating 
acid {xecursor and a free radical jAoto-initiatoT in combi- 
nadon optimized for use widi a muld-wavdengdis cqmsure 
^ source having at least two major wavdengdi. The initiator 
and die precursor are dutracteiized by <^cal molar extinc- 
tion coefficients. The combination is sudi that a ncxmalized 
ratio d the eittinction coefBcients of, die precarstx and the 
initiator at one major wavelengdi is less dian a factor at 3.0 
of die ratio of extinction coetEcient at a second majw 
wavelengdi and mcae preferably less dian a factor oi 2. 

A method is also provided for fabrication of an int^ral 
three dimensi<Hial article having inqxvved green strength by 
controlling die diffusion of f^otoactiva^ molecular species 
in the regions of a phottAardenable liquid co^^x>sition 
exposed to actinic radiation. The method conqxising the 
steps of: 

(a) forming a layer <^ die jAotohardtaable liquid com- 
^ position; 

(b) imagewise exposing areas of at least a poition of die 
layers to actinic radiation; 

(c) introducing a new layer of liquid on to the layer 
previously exposed imagewise in st«p (b); 

55 (d) imagewise exposing at least a porti<Hi of the new liquid 
layer to actinic radiation, widi die requirement that die 
pbot<dixFdenable conqiosition is a mixture of a catiom- 
cally pcdymerizable material combined widi a blend of 
free radical polymerizaUe organic substances, a phc^ 

60 generating acid precurscx opticmally associated widi a 
sensitizer, a free radical initiator and optionally water 
wherein the blend of free radical pdymaizable organic 
substance has at least one mono-functional aoylic 
monomer and at least one multi-functional monomer; 

65 the concentration of the mono-functional monomer 
being at least from 0.12 to 0.9 parts by weight that of 
the multi-functional monomer. 
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DETAILED DESCRIPTION 
For solid imaging applications, tiie jAotohardenaWe com- 
positions based on epoxy resins are prefened since epoxy 
conqwsitions yield soUd objects exhibiting id0i accuraCT 
and good physical properties. However, epoxy cMnpwitions 5 
tJlMcally have slow photo^>eeds, particulariy when coti- 
pared to acrylic or vinyl ether based compositions. The Itmg 
cure time and slow rate of green strei^ development <rf 
epo^ resins result in extended production times for imaged 
articles. Often the wait time between the plication one lo 
layer on the next may be required to be as long as 70 seconds 
after exposure in order to aUow imsopported regions of an 
imaged layer to become strong enough to withstand Ac 
stress associated wifli the application of subsequent layers. 

In order to improve photospeed of solid imaging is 
conditions, acrylic monomers or oligraners along wiJb 
free rascal initiators or vinyl rthers have been added to 
epoxy based con^sitions. AlAough die addition of fliese 
materials in^roves the lAotospeed of such a conqx)siti<Mi. 
fiiese mixed resin con^sition suffer from loss of initial 20 
green strength and in some cases loss <rf image accuracy. To 
achieve satisfactory initial green strength, accura<y of imaos 
and high resolution; it is necessary to select resins ha^g 
specific properties, to properly control the concentrations of 
toe resins in die mixed con^wdtion and to jroperty select 25 
the photoimtiatars and their concentrations sudi that the 
polymerizatitMi results in a high initial greai straiglh within 
the imaged region. It is the proper selection of the resins 
resin concentration and the resin concentraticHi ratios that 
result m the oontamment of the reactive products within the 30 
imaged r<^on whfle allowing the polymerization to proceed 
at a rate that gives good initial green strength. For examine 
iflwn exposure of a jtAoto-generating add precursor such as 
tiiarylsulfonium salt, a Lewis add is generated vMtA is 
«^le of polymoizing the epoxy functional resins, ff the as 
diflusion of this photo-generated add within the photohard- 
aiaWe liquid is fasua^ than the rate of polymeiizaticMi then 
the add escapes from the exposed r^rai. Since Qts add 
concentration is now lower in the exposed region, the 
polymerization rate of the qwfxy is reduced aUowing still 40 
more photo-generated add to diffuse out of the exposed 
region. The result is often a layer of very low initial green 
strength and poor image restdution. Also since rfioto- 
generated add Oat has diffused out of the image region wiU 
imtiateepaxypolymerization,lhepotlifcofthecon5K>siti<ai 43 
will be shortened. In order toieduce Uie diffusion of the add 
from the image region after exposure, an aaylate, sudi as 
tamethylolpropane triacrylate (TMPTA), is commonly 
added to flic epoxy photohardenablc coiqxMition. Allhou^ 
«9)on exposure, tiietriaryisulfonium salt fenns free radicals so 
capable of inducing the p<^ymerizatlon of the aaylate, afree 
radical initiator, sudi as for exan^e l-hydraxycyd<AcxyI 
phenyl krtone (Iigacure 184 available from Ciba-Giegy), is 
commonly used in flie foimnlati<Hi to boost the fiec radicd 
concentration during exposure of the imaged region. Uptm 55 
c^nre, the acrylate quicUy polymerizes and fonns a 
hgbtiy cross-linked matrix which sctvcs to significantly 
slow the diffusion of &e photo-generated add from the 
image region. Since toe diffusion rate of the add from die 
image region is reduced, the add concentration in ttie image 60 
region remains high and the polymerization rate <rf die 
epoxy at flic image region is enhanced. While the addition 
oi TMPTA and a free radical initiator in the qpoxy photo- 
hardenable con^wsition significantly inqxoves the image 
resohitionofflielayCTandalsofadUtatesthepcdymerization 65 
of the epoxy initially due to containment of the photo- 
generated add. too higji a cross-link density of flie aaylate 
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is also c^blc of slowing the acid and tite qx>xy difiiision 
within tte image re^cn. hi^ cross-link densities of 
the acrylate, the initial green strength of the layer may 
actually be reduced or lower than tbat necessary to prevent 

3 layer deformation during dqx>sition of subsequent layers. In 
addition, the green strength of an aitidc or even the final 
strength of the article is cAen lower. 

Proper aoss-linking density is essential to achieve initial 
green strengtii and the desired image resolution. In the 

10 preset invention a multi-fiinctioaal acrylic monomer is 
added to a mixture of cpoxy functional resins. The cross-link 
density of the acrjdic con^nrat is controlled by blending 
into the conqxisition a mono-functioual acrylate in addition 
to the muM-fuDctioDal aayiate. The mono-aaylate and 

IS ttiaciylate concentrations and rdative concentrations are 
fonnolated so as to control the fonnation of an aoylate 
matrix in the imaged regions in a way diat reduces add 
diffusion out of the image r^on vbOt allowing difiFusion 
widun tlx image region such that tbc epaxy polymerization 

20 proceeds efSdently and imaged layers devdop high initial 
green strength vrtule the imaged artide dcvdops both high 
green and final strength. The ratio of mono-acrylate mono- 
mer to triacrylate (or other multi-functional acrylate 
monomer) varies depending on a number of factors, sucfa as 

2s ffx exan^le, ttie viscosity of the remainder cS the epoxy 
con9>osition. the speed of polymerization <tf the remainder 
of the epany ccaaposiHoa, the concentration of free radicals 
fooned and their effect <a tbt crosslink density of die 
acrylate matrix, the conccntratioD of Lewis add fonned 

30 durii^ exposure, etc. However, it is pfefezred to have die 
mono-acrylatc/triaaylate ratio between 0.12 and 0.9 in order 
to adiieve the greater polymerization and dierefore greater 
initial green strength. However, ^e to die loss of flboto- 
speed a mono-acrylatc/triaaylatc ratio range of b^ween 

33 0.27 and 0.58 is mcK^e preferred. The reduction in i4>oto- 
speed is illustrated in Bxan^e 1. As used herein the terms 
mono-functi<ma] and multi-functional in reference to die 
acrylic ccHiqwnent of die compositicHi define die number of 
acrylic functional gnxq>s in the respectrve iiK>nc»ner. 

40 Many of the various monoacrylates, sudi as f<x example, 
tdxahydrctfurfiiryl acrylate, isobcniyl acrylate, and latnyl 
acrylate can be used to decrease the cross-link density. Most 
preferred however is caprdactone acrylate due to the 
hydroxyl functionality and low skin irritation. 

45 It is often advantageous to include a slow to jnoderately 
fast reacting qx>xy resin. In the pbotcrfiardenable conqxisi- 
tion. It is bcUeved diat the slower reacting epoxy aids in 
interiayer adhesion and allows for a reducti<» in stress due, 
for cxaiqde. to thermal variations from die layer polymer- 

30 ization exothenos and to shrinkage of the mixture during 
polymerization. Current qraxyNactylate can4>ositi<»s gen- 
erally indude l,4-bntanedi<d diglyddyl ether for these pur- 
poses. 1,4-Butanediol digfyddyi ether is a low viscosity 
epoxy liquid widi a moderatdy fast cure rate. The mixing of 

35 a slow to moderately fast reacting but higho- viscosity qtoxy 
resin in a cooqwsition containing a rdativcly fast reacting 
epoxy such as a cycloaUj^iadc ^xy, as is provided by the 
present invention, substantially improves die initial green 
strengdi of imaged layers as well as provides excellent 

60 interiayer adhesion and relaxation of stress during aitide 
manufacture. The indusion of higjber viscosity epoxy func- 
tional resins also significantly improves image resolution. 
Higher viscosity epoxy functional resins indude for 
exan^lc, epoxy phenolic novdac lesins wiOx average func- 

65 tionality of jyiproximatdy 3.6 or more, sudi as for exanqde 
EPON 1030 (available from Shell), or for exanqile q>axy 
cresd novdacs such as ECN 1273, 1280, or 9495 (available 
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from Ciba). Hie pretered viscosky range for fiiis slow 
curing epoxy is above 1000 poise at 25° C. However, it is 
more prefeired to use a slow caiing epoxy wifli a viscos% 
above 1000 pdtse at 25* C. and a softcningjKrint below W 
C. The mixture of die epoxy functicmal leisins is fonnulated 5 
such that the slow to modeiate reacting, hi^ viscosity qxncy 
is present at a level of from 5 to 25 % by weight of the epcay 
mixture in the contposition. 

The initial green strength of sudi a mixed epoxy appears 
to be inqnroved by die fdlowing mechanism. The j^nolic 10 
novdac qwxies are fairly high viscosity at room tempera- 
ture and have a tafify-like character. Their viscosity at 52° C 
is generally above 200 poise. When mixed vn& other low 
viscosity cpoxies, such as for exan^lc cycloaliphatic 
qmxies and/or with low viscosity actylates, flie viscosity of is 
Qte resulting formulation is substantially reduced, since fte 
bigli viscosity epoxy is substantially plastidzcd by the low 
viscosity liquids. When these mixtures, which furdier com- 
prise a photo-genaating add precurscr and/tx: a free radical 
photo initiator, arc exposed, the acrylate and/or 20 
cycloalq*atic epoxies quiddy priymoizc, in effect convert 
from low viscosity liquids to solids, and are no Icmger 
cqiable of plastidzing flie high viscosity liquid. In fact, the 
higji viscosity ep<xxy, which takes longa to polymedzc, now 
becomes the plasticizer for ttie solidifying cycloalq^hatic 2s 
epoxy and/OT flie aaylate. This role reversal, wfaciein Ihe 
role of the plastidzer and plastidzed con^nents in die 
teda revene, is B le^nslble far a smpiisiiig increase in 
initial green strength since die hardened cycloalifribatic and/ 
or acrylate remain plastidzed by a high viscosity liquid % 
wfaicb imparts a substantial stifiiiess to die curing layec. 
However, since the high viscosity epoxy is still substantialty 
a liquid, there is still mobility within tfae matrix to allow 
fiuther polymerization even at room temperature. Wdi 
epoxies that are solid at room tenqiezature or which have a 33 
saftening paint above 32"» C, such as for example die epoxy 
cresol novolacs mentioQed above, die polymerization at 
loom ten:f>erature is somewhat retarded as die faster curing 
componenu in flic mix polymerize. These solid epanes 
produce layers with fairly hi^ initial green stiengdi but 40 
since the room or process temp^ture cure is slowed, die 
part greoi strength is sometimes lower and tfae article m^ 
achieve high final strength only widi a thermal cure. WiOi 
die use of q>axies having a viscosity bdow 1000 poise at 
25° C. die stiffening advantage that occurs due to die role 45 
reversal upon exposure is lost and die resulting layer has 
lower initial green strengdi. 

In a dual-cure i^iottdiaidenable con^sition having a 
plioto-gencrating add precursor and a jrfioto-activated free 
radical initiator, sndi as die epoxy/acr^ate cooqxisitirat of so 
die present invention; die ratio of the lig^t absoiition of Ifae 
jAoto-generating add precursor to diat of jdtoto-acdvated 
free radical initiate- as well as die subsequent coacentcation 
of free radicals and i^oto-generated add is also iirixBtant in 
controlling tfae diffusion cfaaractmstics of die reactants after ss 
exposure. Certain condidons may arise, especially in multi- 
wavelengdi ensure systems, where die concentration of 
flie photo-generated add is very high at die surface of die 
imaged region but significantly reduced in c(»icentration 
deeper into the exposed layet At die same time, the con- so 
cenbation of free radicals produced by die exposure, and 
therefoFC subsequently die crosslink density of die aaylate 
matrix, may not have the same distribudon of relative 
concentrations through the depth of die cxposedlayer as diat 
of the add. A c(Miipositi(w may be easily optimized in terms 65 
of initiator concentration fear a single wavdength, for 
exanqrie such that die cross-link density of the aaylate 
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matiix is open enough to allow faster epoxy poiymerizatioD 
within the imaged region yet stiU prevent significant difiii- 
sion of the photo-generated add out the imaged region. 
Howevo', at o&er wavelengths jx-oduced by the radiation 

5 source, this same C€aiqx>siti<» may on exposure react pio- 
dudng a greater cross-link denslQr of the aciylate matiix and 
a lower concentration of jAoto-generated add. TTiis difFer- 
ence in relative activities of die jAoto initiators at different 
wavdenglhs seems to be related primarily to the absoqition 

10 characteristics of the photo initiators and their conipetition 
for the available activating radiation. Therefore, at a secmd 
wavdengti) fos y/AAA the activities of tiie fAotoinitiators has 
not been optimized, die polymerization of the epcay is 
slowed by two factors, lower rate d diffusion of photo- 
is generated add and epoxy resin within the imaged region and 
lower photo-generated add concentiaticm. On the other 
hand, if die dioice of firee radical iniliatGr combined witti the 
available activating radiation yield a <^n and pooriy cross- 
linked acrylate matrix but at die smne tiine provides efiSdent 

20 production of the {Aoto-generated add. the photo^enerated 
add concentration will be high, and fliere will be a greater 
tendency for die add to diffuse out of die image region since 
it is more free to diffuse out of the qien, poorfy crosslinkcd 
matrix and die concentration gradioit of de photo-generated 

25 add is high. 

For exan^le, when using an Argon Ion laser in the UV, the 
predominant wavclengdis are 333.6 nm (334) (widi ^iproxi- 
mately 15-20% of Ac energy), 351.1 nm (351Xwifli 
approximatdy 40% of die energy), and 363.8 nm (364)(with 

30 ^iproximately 40% of die cneigy). Of diese wavelengdis, 
die 35 1 and 364 nm wavdengdis are considered to be major 
wavelengdis ics the purpose of the instant invention. Refer- 
ring to Example 4, Table 4, the molar extinction coeffidenu 
of two free radical initiators, 1-hydroxycydobexyl i^enyl 

33 ketone, (Irgacure 184, availaUe from Qba) and 4-(2- 
hydroxyedioxy)phenyl-(2-prcpyl)ketone Icgacure 2959, 
available from Ciba), and one photo-generating add 
precurscH-, mixed triarylsulfonium hexaflunoantimonate 
salts (IJVI^974, availaMe from Uniwi Carbide), are shown. 

40 The qiproximate molar extinction coefiGdoit (l/cm-mole) is 
given fos eadi material in methand or etbanol. CThe UVI- 
6974 is a 50% soluti<Hi of photo-generating add precursor 
salt and prc^lcne caibooate. The extinction coefBdent of 
the salt is shown in Tsble 4.). If a ratio of die free radical 

4S l^otoisitiator to the jriioto-generating add precursor extinc- 
tion coeffidcnts are taken for each wsvclengfli and then 
diese ratios are normalized by a factor about one majcH' 
wavdengdi, for exan^e 351 nm, and this same factor is 
used for the extinction coefBdent ratios at die odier 

50 wavdmgdi, a omiparison b^een inidatcr peifcxmance 
can be made. 

For example in die Table 4 in Exan^le 4 presented below, 
die 35 1 nm normalized ratio extinction coeffidoit at 364 nm 
fac ^acure 184 is much higher than diat of Irgacure 2959. 

ss This means that if a formiilation is pptimized to produce a 
firee radical polymerized matdx with adequate add concen- 
tration such that a cationically polymerized resin can be 
hardened in a sh«t period d time (Le. such diat it has high 
initial green strengdi), diis same fcnnulation will have a 

60 hi^ily free radical polymexized matrix with a weak add 
concentration when oqxised with 364 nm li^t (i.e. it will 
have weak green strength) in die r^os between 351 nm and 
364 nm for bgacure 2959 are not so large. This provides a 
more balanced formulation with nspctX to die free radical 

65 genoation and the add generation when tbe fcMmulation is 
exposed to mult^le wavelengths from an exposure source. 
It is pieferred to have a free radical to photo-generating add 
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precursor normalized extinction coefficient ratio sa at least 
two major wavdengths of the exposure source less than 3. 
However, it is more preferred to have the ratio less than 2. 

'^th a sensitizex, whicb allows greater photoacid genera- 
tion using energy from ttie 364 nm wavelei^tlu the rela- * 
tively small loss of acid production with respect to free 
radical production can be made up with a moderately 
efSdent sensitizer such as l,6-dq4ienyM3,5-hexatriene or 
l,8-diphenyH3^,7-octatetracne when, fa- example a low 
normalized extinction coefficient ratio initiator such as Irga- 1° 
cure 29S9 is used. It has been found that a very efficdem 
sensitizCT, for example l,12-bai2op«ylcne is capable <rf 
making qp fen- a high normalized extinction coefficient ratio, 
such as that produced when using Itgacuie 184, since the 
acid production realized by &e benzopciyiene sensitization 
ot the UVI-6974 at 364 nm is quite good. 

The typical recomniendatic« for using the cmroit Uqaid 
phottAardenable con^sitions is to avad humidity if at alt 
posdUe, but certainly to avoid levds of humidity in &e 
solid imaging work areas where the resin compositions are ^ 
in contact with ambient air wberc flic humidity is in excess 
in excess of 50% relative humidity. In normal {nractice, the 
cpaxy formulation would be siq>plied to a customer in an 
essentially dry condition. If the customer's relative humidity 
is hi^er, fee conqmsition will begin to equilihrate to tiie " 
higher humidity under use conditions. Since humidity 
changes in the cm^sititHi cause a significant change in the 
composition's performance, especially in it's abili^ to 
achieve high initial greoi strength; diis equilibration process 
will induce a significant variation that the customer must ^ 
constantly ccai^nsate for in order to ettesatft to achieve the 
best perf(xmance. The cooipositioa of the ixrscDt invention, 
however, has been adjusted to achieve h^er initial green 
strength at relative humidities above 40%. 

Part of this fc«mulation adjustment calls for the addition 
<^ v/aXer to fbe fonnulation such tiiat it is substantially 
equilibrated to the higher humidities when first supplied to 
the ^istOBier. Alternatively of course, the customer could be 
requested to add a recommcaided amount of water in order ^ 
to match the. custiHuos relative humidity as a way to 
substantially equib"hrate the formulaticMi to the customer's 
use conditions. 

A second part €f ttiis fcsmulation adjustnurait for higher 
bumidily is to lower the concentration of pcAyol in fbc 45 
ffflraulation. The concentration of polytri is adjusted for two 
reasons. First, bofli the polyol and the wata act as diain 
transfer agents in the qmxy fcxmulation. These diain trans- 
fer agents have a significant effect on the initial green 
strengdi capability of the fomuilation. If more water is added so 
Qien less polyol is needed for the proper amount <^ chain 
transfer to achieve high initial green streoglh. Secondly, 
since polyols are typically hydrophilic or hydroscopic, the 
mare polyol there is in die conqxtsition the greater the 
amountofdtangectf equilibrium water contmt as a function 55 
relative humidity. This larger amount of change in water 
content as a function of relative humidity causes a greater 
variation in initial green strengft peifoimance. Conversely 
stated, a lower polyol content causes the cpoxy formulation 
to have a greater latitude for good initial green strength ^ 
peifoimance despite variations of relative humidily in the 
use environment 

Hie inventors have detomined two w^s to test for the 
proper polyol and water ccncentrations in order to achieve 
hi^ initial green strengdi for a given epoxy fcxmulation. In 65 
general, it is necessary to perform this testing under ttie 
relative hiunidity conditions that are expected to be found 
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during use. Also, it is necessaiy to detennine the exposure 
parameters for the formulation and determine the exposure 
necessary to produce a layer bat is typically used by lbs 
custcMner in the process. 

The first method is to expose the suiface of the epoxy 
fcsnmlatioD with light in a manner similar to die exposure 
method used in the process of use. This will form a layer of 
material whidi can be removed from the surface of toe 
fcHmulaticHL After a set period of time, fix exan^e one and 
a half minutes, a fcamulator can toudi the layer and feel its 
stifiiiess or watcb its tendency to retain sh^ if it is 
deframed. By compating various wato- and polyoi content 
framulations, it is possible to identify Ae formulations that 
have the best initial green strength. 

A second method of determining the best polyol and water 
content is to monitor the tenqxaature or exo&am of the 
exposed layer over apcdod of time starting from the tintc of 
exposure to, for example, the first minute and a half. Hie 
fonm]lati(» that has die highest area under the ten9>ei'atuic 
or exotherm vs. time curve typically has a fairer initial 
green strength. 

ft has been found that epoxy formulations which have a 
low peak temperature or exofiienn after exposure tend to 
have a Inoader high temperature or exotbotm over a longer 
p«iod of time. These fanrndations also tend to achieve 
higher initial green strength, article green strength, and 
article final strength. Jt has also been found tiiat die tactile 
test of initial green strength often compliments the thermal 
test for initial green strength when all other con^nents in 
die conqxKition arc held c(»stant. 

Finally, once a polyol and water content formulation 
range is determined, it is necessary to place the f otrmulatioas 
under die relative humidity conditions that diey will be 
exposed to undo- use. By monitodng die wei^t gain or loss 
of the fonnulation ova- time it can be determined if die 
composition is equilitxated to the relative humidity. Small 
adjustments of the polyol and water content can be made to 
ensure that die formulation is equilihrated to die relative 
humidity of the use environment. An epoxy to pciytA 
equivalent wd^ ratio of appanumattiy 3.5 and a water 
content of i^aximatdy 0.75% was found to be die best 
combination for mixtures, sudi as diosc shown in Exan^ile 
5, for use in a room humidi^ range of 40 to 80% relative 
humidity. "With diis combination, die mixture was immedi- 
ately equilihrated to the humidity range and exhibited excel- 
lent initial green strength, article green strength and article 
part strength. In die {^otohardenable conqwsitions shown in 
ExanqAe 5, the water content added to the conqioation may 
be as high as 1.5% for hig^ humidity c(niditions, but for 
other compositi<»s, sudi as diose containing 1.4-butanediol 
diglyddyl etba, which adds in itself hydrof^ylidty; it may 
be necessary to add as mudi as 3% water to the composition 
in order to immediatdy equilibrate the c(Hnposition to high 
humidi^ ccmditions. 

If a lower relative humidity range is desired, it is best to 
lower the equivalent wcigU ratio of epoxy to polyol to 
between 2 and 3.S and decrease die water content to around 
0.25 to 0.75%. If higiher relative humidity ranges are desired, 
it is best to increase the equivalent we^ht ratio aS epoxy to 
polyol above 3.5 and increase die wat^ ccntent above 
0.75%. This is die best comhination for mixtures used at a 
rocHn humidily range €rf apfroximately 40 to 80% rdative 
humidity. In the fdiotohardenable compositions of the 
present invention albough the water content described 
above is preferred, water may be laesent up to a concentra- 
tion of 3% by weight of the composition widiout incurring 
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problems in cure tbat r^xirted foe ourent formulations in 
use in solid imaging. 

Using tbe jAotohaidenable conaposMon of die present 
invention provides a nocOiod to fsoduce solid imaged 
articles having inoproved initial green strength and inQHx>ved 5 
image resolution. U.S. Pat No. 5,014^07 to Lawton 
describes equipment and processes adapted to produce 
articles and to produce a controlled exposure wMiin the 
ima^ region wUh the formulations of the present invention. 

The method comprises the following steps: m 

(a) fonning a layer of the {Aotohardcnable liquid com- 
posidcm; 

(b) imagcwise exposing areas of at least a portion of fte 
layers to actinic radiation; 

(c) introducing a new layer df liquid on to the layer 15 
previously exposed imagewise in step (b); 

(d) imagewise exposing at least a portion of tiie new liquid 
l^er to actinic radiation, witti Ifae requirement that the 
I^otcdiardenable conq)ositioB is a mixture of a cationi- 
cally polymaizable material combined with a Uend 20 
free radical polymerizable iHganic substances, a i^oto- 
generadng acid precursor optionally associated with a 
sensitizer, a free radical initiate^- and optionally water. 
The mixture of cationically polymerizable organic sub- 
stance has at least two epoxy functional resins and be 25 
blend of free radical polymaizable o^asic substances 
has at least one mono-functional acrylic mcnomer and 

at least one multi-functional acrylic monomer. The 
concentratiwi of &e mono-functional monomer being 
at least &om 0.12 to 0.9 parts by we^t and m«e 30 
Fr<^<a'ably from 0.27 to 0.58 parts by weight that of the 
concentration of fte muU-toctiooal monomer. The 
ratio of the wci^t of the mixture of the cationically 
polymerizable organic substances compared to the 
weight of the blend of (be free radical polymerizable as 
organic substances is firom 3 to 10. The epo:^ fimc^ 
tional resins are selected such fliat one p<dymerizes at 
a slower rate Oian the others and so that one has a neat 
viscosity of at least 1000 poise at 25° C It is vaocc 
preferable lhat flie neat viscosity of the sIowct curing 40 
epoxy be greater dian 1000 poise at 25° C, but ftat the 
epoxy have a softening point tliat is less dian 40^ C Tbe 
slower polymerizing more visctHis epoxy functional 
resin constitutes &om 5-25% by weight of the epcasy 
mixture. 4S 
In accounting for the percent by wa^t for the free radical 
polymerization and the cationic polymerization 
conqx>nent8, tiie following distinctions were made: Those 
conqwnents with only ethylenic unsaturation were calcu- 
lated on a full weight basis as part of the free radical or so 
aaylic conqranent in the formulation. Those ccHr^nents 
wifii only epoxy Ainctionality or terminated by hydroxyl end 
groups were calculated on a full weight basis as a pat of the 
caticoiic or epoxy conqponent of the formulation. Those 
components with hydroxyl termination and ethylenic ss 
unsaturation. such as o^Holactone acrylate, and those com- 
ponents with hydroxyl termination and free radical gener- 
ating c^faility such as die free radical initiators IR-184 and 
IR-2959 were derided on a 50% weight basis between the 
two polymerization conqx>nents. The jrfioto-generating add 60 
precursors and die sensitizers were considered part of the 
caticmic pdymerization cou^xmenL Water was omsidaed 
part of die ^xy component 

As used herein the term major vravdcngdi means a 
wavelenght that provides at least more than 15% of the total 6S 
energy distribution of die source. The argon ion laser has 
diree major wavelengtfis, 334, 351 and 364 nm. 
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EXAMPLES 
Exanqde 1 

The fdiowing example illustrates the effect of Ac prts- 
5 encc of a mono-acrylate on toe cure of the epcxy compo- 
sition. 

To detentdne the proper exposure lequired, saiiq>les hav- 
ing file compositions as shown in Table 1 were mixed and 
then poured into p^-dishes and C3qx>scd with a beam from 

10 an argoQ-ion laser op^ting with the wavdenglfas of 333, 
3S1, and 364 nm. The exposures were made in half-inch 
squares whidi were scanned out by drawing cc«secudve 
parallel lines qjproxiroatdy 0.002 indies apart on the sur- 
face a[ die liquid in die petri-dish. The sp<^ diameter at the 

13 liquid surface was qiproximately 0.0127 cm in diameter 
(1/e^. After waiting at least IS minutes for die exposed 
squares to harden, tbs thickness of eadi square was mea- 
sured with iping loaded calipos (Absolute Digimatic 
Calipers, Mitutpyo, J^>an). The e3qx>sure parametos ^e 

20 Dp were dien osculated using mediods weU known in the 
solid imaging art In genraal the diickness values varied 
£tom 0.0QS7 to 0.0S14 indies. The Ln(Bxposure) versus 
Depb of E^lymerization curve was generally linear within 
the measurement range. The value of Ek, is the cnezgy 

23 necessaiy to fcsm a layer approximately 0.01 inches thick. 
The E,o value increases as mm mono-aoylate in intro- 
duced into Ifae con^XKition. The triacrylate/mono-aaylate 
ratio is a single ratio of die percents within each composi- 
tion. 

30 Once the exposure parameters were determined, each 
samite was scanned oyer a one indi region such diat each 
received an exposure necessary to produce a layer diickness 
of 0.01 inches. During die scanning and foer several minutes 
after die surface tenqierature of die exposed region was 

35 measured widi a Linear Laboratories Model C-600 E Infra- 
red Tbemuxneter. The sensor bead of this diennometer was 
positioned to measure die ten4>erature of die surface of die 
scanned layer igiproximately % inch in diameter. Hie signal 
emitted by this sensor was then recorded by a chart recorder 

40 calibrated to provide cmedivisiai per *>C The chart recorder 
was run at 1 cm pa minute during each exposure. This 
method of tenqierature measurement does not provide adia- 
batic quality data, however, it has proven very useful foi 
deteamining the relative degree of polymerizaticw over time 

4S between various com^Msitions. The area under die curve for 
approxiniately 1.6 minutes for each san^ile was calculated. 
The results are shown in the Equal Thidc tenq>erature/time 
area. This value relates to the d^ree of polymerization that 
occuned widiin the exposed region. The hi^er the value the 

50 greater the d^rcc of polymcrizaticHi. In general it is noted 
diat the polymerization was greater for die sanqdes widi 
hi^er mono-actylate/triiaciylate ratios within the first 1.6 
minutes. However, that the greater ten^i/time area is due to 
the higher exposures given to die sanqdes widi higjier 

55 mono-acrylate/hiaoylate ratios. 

For this reason, an equal exposure s eiks of tests were run. 
Using the same equipment for monitcoing and recording the 
temperature over time of the exposed sanqples, each sample 
was scanned widi an equal exposure of qiproximately 62.44 

60 mJ/cm^ ovcx a 1 inch square area. The peak temperatures of 
eadi mixture only varied by l''-2° C Hie teo^xraturc/time 
area fyx each of ^esc equal exposures is show in Table 1 fca 
the various mcmo-aciylate/tiiaciylate ratio conqxisitions. 
The general trend is diat the higher the lado the greater the 

65 degree of polymerization widiin the first 1.6 minutes. This is 
trac despite the fact diat in general die diickness of die lower 
ratio layers is greater than the higher ratio layers. 
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Id the fijial enliy in Table 1, the temperatUTc/time area par 
cubic centimeter is calculated. The volume is a calculated 
value based upon the 1 square inch exposure and the 
predicted tiiickness of the layer. In general it is noted (tat the 
bi^erratiosaiiq>les have a greater degree of polymerization s 
per volume of polymerized region within the first 1.6 
minutes d exposure. 



Composition by Vfei«ht Mbc« Mix.9> Mix « Mix « Mix % 
Cyiacuie Resin UVR- 76.15 76.15 76.15 76.15 7&15 



19XO njoo 
OjOO 3.00 



12XX> IOjOO 




25.83 29j0(7 
13.44 13J8 
54/40 60.7 



28.41 26^2 
11.81 lom 
6630 122 



Equal Ssp. Tan^Tjoc 



Table 2 shows the same series of tests substituting tet- 
rahydrofiirfiayl aoryiate f<x c^paolactone acr>iate in the 
same proportions. Following are the results: 



Mix% M3x> Mi»% Mix% Mix% 
76.15 76.15 76.15 76.15 76.15 



IbUl 



Dp 
ElO 

Maw-aaylatc/ 



19X0 17.00 



15.00 
4.00 



tiaO 10.00 



2755 27.48 27.67 
15.11 1234 11.81 
54.17 61^1 64.55 



27.65 2633 
10A3 ISO 
69.65 94S6 50 



Eqoa] 13xp, IboqAllme 



1033 1187 



The cxanq>le above shows the same general trend that 60 
higha mono-aciylateftriacrylatc ratios leads to greater pdy- 
merization within fbc first 1.6 minutes after exposure. In 
general however, the hi^er ratio $anq>les using tetrahydro- 
furfiiryl acrylate had lower peak exotherms. While the 
hi^er ratio con^XKitions exhibited ^eater polymerization 65 
dudng the first 1.6 minutes after exposure, they also showed 
a reduction in photospeed. 
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Examide 2 

FoUowing arc some example fonnulations exhibiting 
vanous slower cming qwxies in an cpaxy-triol composition 
J TTie slow cure epoxy (18% in each example) is ideS^ 
ttc tqp of each column. Heloxy® 67 is a diglyddyl ether of 
1,4-^tanediol (available fiom Shell). ^cS^of 
Si^,^^^?^"'^ ^^^31 is an epoxy phenoKc novolfo 
^ Dow). » has a viscosity of approxi- 
matdy 40,000 CPS at 25«Q ETON HFTO 1050 is^^ 
e^xy phenoHc novolac resin (availahle frcan SheU). It is a 
ta^-Jike Hquid at room tcmpcratm* (if ibe surface of the 
resm is distorted, it wiU flatten to a smooth surface in houn; 
or days) havmg a viscosity over approximately 5,000,000 
" Z.-^^ ^- ^ is an qK,xy cresol novoiaTiS 
(available from Ciba). It is a soHd at room tamxrature and 
has a softening point <tf 32«-42«' C. ECN-94^ is also an 
eposy crcsol novolac resin (available bom Qba). tt has a 
softening point of jg>prDximately 85°-100« C. The ca«x>- 
lactone tri*^ used is TONE® 0301 (available from Unton 
Carabide). The UVR-61Q5 and UVI-6^4 are desSd 
elsewiCTe. 

Tbe viscosity of such h^ viscosity materials such as 
EPON HPT® 1050 can be detenmn,^ ^^^Z 

25 tmie for an obpect having a particular density to drop a 
m«isMed distance into the viscous mateiial. For the EPON 
OTT® 1050 a 130 g 316 stainless steel rod ha^a 
diameter of 9J4 mm was placed on the surface of the rcSn. 
The tune required for the vertical rod to dK)p 2 cm into the 

^ resm was approximately 30 seconds at 23.5° C Rom this 
measurement the viscosity was determined. 



Melo^ DEN EPON EGN ECN 
«7 431 1030 1273 9495 
MSi% Mix% Mz« Ma% Mix % 



„ SS^**^^" ®^ ®«) 

10.00 loxo loxn loxn 

18.00 18i» 18.00 18J» 

3.00 3J0O 3.00 3x» 



lO-OO 10.00 

StowCTOEpc, 18.00 18i» 18.00 18X0 18B0 



100.00 IGOjOO 100.00 lOOXO lOOiX) 
^OdiIb) 5.45 AjfS saA 



Ej^(jn»«^ 144^ g^^j 

87 « 82 



Equal Thick. 



Each sanqde having flie conqwsition as listed in Table 3 
mixed and allowed to equilibrate to room temperature. 
The samples were poured into petri-dishes and then exposed 
in a step wedge pattern giving different exposures ov^aOS 
55 indi square area. The exposures were made using an areon- 
«i ^ beam, operating over a wavelength range of 
7r. 2 * diameter of approximatdy 127 

Min(l/e=). The beam was scanned inapai^l line scai.^ 
caeh line approximately 0.002 indies apart After fifteen 
from the pctri-dish and 
ffie thickness of eadi square was measured wifli calipos 
Ttx cjposm parameters and D_ were calculated 
meMs well established in the ait of sofid imaging. "ITie value 
of Ejo is (he oqwsure necessary to produce a layer of 
65 approxunately 0.01 indies fliick. In aU cases, thehigher 
viMosity solutions (increasing ftom left to right) hadri^ 
mficantly better image resolution. 
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Next, new petii-dish samples of the above con^sidons 
were poured out and each was exposed wilb flie Ejo expo- 
sure over a one inch square area. The temperatureVtime 
response of eadi sample was recorded using a Linear 
Laboratwies Model C-600E Infrared Therin<HnetCTcoi5)led 5 
to a chart recorder. The equal thickness te3i^)raature\time 
area is the area under die curve for the first 1.S minutes after 
the start of each exposure. Each ^posed square was imme- 
diatdy removed (afto- the l.S minute wait) and felt for initial 
green strength. By feel, aftea: the first 1.5 minutes, tte EPON 
1050 sample had &e greatest initial green strengfli. witt 
ECN 1273, ECN 9495,-DEN 431, and Heloxy 67 having 
lesser initial green strength in cida of greatest to least The 
inventors have found that this "feet" of initial green strengfli 
after ^>ixx>ximately 1.5 minutes, correlates well with 
reduced unsupported layer distorti<Hi dunng object manu- 
facture using a SoUd Maging process. 

Based upon the fii^gs above, it is preferred to oonqxise 
a slow curing high viscosity epoxy in the f ormulaition, at a 
level of approxinialely S to 25% by wei^t, in order to 20 
achieve greater initial green stiengdi as well as good inter- 
layer adhesion and reduction of stress durii^ fabrication of 
objects using the Solid Imaging process. The preferred 
viscosity range for this slow curing cpoxy is above 1000 
poise at 25° C. However, it is more preferred to use a slow 25 
curing epoxy with a viscosity above 1000 poise at 25° C. and 
a softening point below 40° C. 

Exanqile 4 

This exanqde illustrates the selection of the jdiotoinitia- ^ 
tors. 

Tables 4 lists the extinction coefiScients for Irgacure 2959 
(2959), tgacure 184 (184) and UVI-6974 (6974) for Ihe 
majcr wavelengths jsoduced by the argon ion laser, 333, 35 1 
and 364 nm. 

TABLE 4 

Free 

ladicaVPbotDac 351 om Nonnalized 



IR-184 
IR-184 
UVI-«e74 
Tm-«974 



Wben IR2959 is lEsacoe 29S9, IK-184 is Iigacore 1S4 

Comparingthe351nmN(Hma]i2edExtLnctionCoef5cient » 
Ratios b^een those of I^acure 2959 and ^gacure 184 it 
can be seen diat if a formulation is optimized for use at 351 
nm in tanm of free radical genoation and acid generation 
upon exposure, the Irgacure 2959 will have a similar free 
radical generatitm and add genoation perfonnance upon 
exposure to 364 nm liglit However, tiie frgacure 184 will 
have a significantly higher free radical generation and a 
significantly lower add generation upon exposure to 364 nm 
light The prefened Normalized Extinction Coeffident Ratio 
between at least two major wavdengtfas from an exposure ^ 
source fcH' a fwmulation is less flian a factor of 3. Even more 
prefened is a Nomalized Extinction Coeffident Ratio 
whidi is less than a factco- of 2. 

Exanq>le 5 53 

This examine illustrates flie preferred i^otohardenable 
conqx>sition of the present invention. Two formulations are 
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given. The differeiice in tbe foniiulati<»is is related to the 
combinatioii of free radical fdiotoimtiatois and sensitizers 
selected Alftcnigh tiie matdung <rf inidatcx' activity is illus- 
trated in coiiq>osition 1, use of the msxc efficient sensitizer. 

S 1,12-benzoperylene makes possible the efficient use of Irga- 
cure 184 as the free radical initiator. B is believed that svdi 
a combination is better since the benzoperylene conqwtes 
well with Ibe Irgacure 184 in teims of absorption at 364 nm 
and leads to die generation of a higbcr concentration <^ add 

10 from this eneisy, whidi in effect provides a similar free 
radical to add ratio at both 351 nm and 364 nnL 
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Cyracme Resm 1}VR-61Q5 30.26 

20 Qnacoie Resin X3VR-6128 75M 

EFON 1050 10.00 

Ibae 301 10.13 

Iqacoie 2959 2.70 

SR-3S1 12J0O 

Cqxcbctooe Acijdate 7.00 

25 VVim4 2.15 

DistiUed Water 0.75 

1,6-I>^l>enyl-1A5- Oj0O35 

Ibttl 100.00 

30 6128 Bf<ay EquhndcDt 210 
weigjIt^Uue 

6105 Ep(aj Eqiuvalent 135 
WrigbtVUue 

EPON 1050 Eqiovalea 179 
Wrigla Value 

Epox; Eq[is\ralait 'Weight 3.5 
Ratio 

COMPOSmON 2 
Sensifizer Btou/yu yl eoenme Radical initiator 
hgacnre 184 



Cyncare Reain UVR.610S 33.07 
40 qyracureReaiiiUVR.6128 25 

EPON 1050 10 
Tooe 301 loss 
Iisacoie 184 2 
SR-3S1 10 
CaprolactoQC Acrylate 6 
45 UVl-fiOT4 2.15 

Bc az opeiykae 0X>2 
DistiUed Vtecr 0.75 

Tb*al 100 

6128 ^lozjr Squvaleot 210 
VfeifJriVthie 

6105^iazrEgmvakiit 135 

EPON 1050 Equvaleot 179 
Weight \Uiie 

^xny Equivalent Weigbt 3.5 
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What is claimed is: 

1 . In an improved photohardenable composition composed of a cationically 
polymerizable and free radical polymerizable organic substance, a photo-generated acid 
precursor, a sensitizer for the photo-generated acid precursor and a free radical polymerization 
initiator wherein the improvement comprises: 

a) a mixture of photopolymerizable resins consisting essentially of at least two epoxy 
resins one of which polymerizes at a slower rate and has a higher neat viscosity than at least one 
other epoxy resin present and [the epoxy resins are] said one of which epoxy resin is present at a 
concentration in the mixture of from 5 to 25% by weight, and at least one monoacrylic monomer 
and at least one multi-acrylic monomer wherein the concentration of the monoacrylic monomer 
is from 0.12 to 0.90 parts by weight that of the multiacryhc monomer and wherein the ratio of 
the weight of the epoxy resins to that of the acrylic monomers is between 3 to 10; and 

b) a combination of a free radical initiator and a photo-generating acid precursor 
characterized by optical molar extinction coefficients and optimized for use with a multi- 
wavelength argon ion laser operating in the UV and producing two major wavelengths of 351 nm 
and 364 nm such that a normalized ratio of the extinction coefficients of the precursor and the 
initiator at one major wavelength is less than 3 times the ratio of extinction coefficient at a 
second major wavelength. 

2. A method for accurately fabricating an integral three dimensional article having 
improved green strength by controlling the diffusion of photoactivated molecular species in the 
regions of a photohardenable liquid composition exposed to actinic radiation, the method 
comprising the steps of: 

(a) forming a layer of the photohardenable liquid composition; 

(b) imagewise exposing areas of at least a portion of the layers to actinic radiation at 
wavelengths of 351 nm and 364 nm; 
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(c) introducing a new layer of liquid on to the layer previously exposed imagewise in step 

(b); 

(d) imagewise exposing at least a portion of the new liquid layer to actinic radiation, 
wherein the improvement comprises use of photohardenable liquid composition comprising: 

a) a mixture of photopolymerizable resins consisting essentially of at least two 
epoxy resins one of which polymerizes at a slower rate and has a higher neat viscosity 
than at least one other epoxy resin present and [the epoxy resins are] said one of which 
epoxy resin is present at a concentration in the mixture of from 5 to 25% by weight, and 
at least one monoacrylic monomer and at least one multi acrylic monomer wherein the 
concentration of the monoacrylate monomer is from 0. 12 to 0.90 parts by weight that of 
the multi-acrylate monomer and wherein the ratio of the weight of the epoxy resins to 
that of the acrylic monomers is between 3 to 10; and 

b) a combination of a free radical initiator and a photo-generating acid precursor 
characterized by optical molar extinction coefficients and optimized for use with a multi- 
wavelength argon ion laser operating in the UV and producing two major wavelengths of 
351 nm and 364 nm such that a normalized ratio of the extinction coefficients of the 
precursor and the initiator at one major wavelength is less than 3 times the ratio of 
extinction coefficient at a second major wavelength. 

3. A composition comprising: 

a mixture of cationically polymerizable components having. 

a) at least one low-viscosity, fast-curing cationicallv polvmerizablc 
component, and 

b) at least one high- viscosity, slow-curing cationicallv polymerizable 
component: and 



at least one radicallv polymerizable component. 
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4. The composition of claim 3 wherein said composition further comprises at least 
one photo-generating acid precursor and at least one free radical initiator. 

5. The composition of claim 3 wherein said high- viscosity, slow -curing cationicallv 
polymerizable component has a viscosity of greater than 1000 poise @ 25°C. 

6. The composition of claim 3 wherein said high-viscosity, slow-curing cationically 
polymerizable component has a viscosity of greater than 200 poise @ 52°C. 

7. The composition of claim 5 wherein said high-viscosity, slow-curing cationically 
polymerizable component has a softening point below 40°C. 

8. The composition of claim 3 wherein said mixture of cationically polymerizable 
components comprises from 5 to 25% by weight of said high-viscosity, slow- 
curing cationically polymerizable component. 

9. The composition of claim 8 wherein said high- viscosity, slow-curing cationically 
polymerizable component has a viscosity of greater than 1000 poise @ 25 °C. 

10. The composition of claim 3 wherein said at least one radically polymerizable 
component includes at least one mono-functional acrylate monomer. 

1 1. The composition of claim 10 wherein said at least one radically polymerizable 
component further includes at least one multi-functional acrylate monomer. 

12. The composition of claim 1 1 wherein the total amount of mono-fiinctional 
acrylate monomers to the total amount of multi-functional acrylate monomers 
present in the composition, on a parts by weight basis relative to the total 
composition, is 0.12 to 0.9. 

13. The composition of claim 1 1 wherein the total amount of mono-functional 
acrylate monomers to the total amount of multi-functional acrylate monomers 
present in the composition, on a parts by weight basis relative to the total 
composition, is 0.27 to 0.58. 
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14. The composition of claim 10 wherein said at least one radically polymerizable 
component further includes at least one tri-functional acrylate monomer. 

15. The composition of claim 14 wherein the total amount of mono-functional 
acrylate monomers to the total amount of tri-functional acrylate monomers 
present in the composition, on a parts by weight basis relative to the total 
composition, is 0.12 to 0.9. 

16. The composition of claim 14 wherein the total amount of mono-functional 
acrylate monomers to the total amount of tri-functional acrylate monomers 
present in the composition, on a parts by weight basis relative to the total 
composition, is 0.27 to 0.58. 

17. The composition of claim 3 wherein said at least one radically polymerizable 
component further includes a blend of radically polymerizable monomers 
comprising said at least one mono-functional acrylate monomer and at least one 
multi-functional acrylate monomer. 

18. The composition of claim 17 wherein the ratio, on a weight basis, of said blend of 
radically polymerizable monomers to said mixture of cationically polymerizable 
components is from 3 to 10. 

19. The composition of claim 3 wherein said high viscosity, slow-curing cationically 
polymerizable component includes an epoxy phenolic novolac resin and/or an 
epoxy cresol novolac resin. 

20. The composition of claim 19 wherein said epoxy phenolic novolac resin has a 
functionality of 3.6 or more. 

21. The composition of claim 3 wherein said low- viscosity, fast-curing cationically 
polymerizable component includes at least one cycloaliphatic epoxy. 

22. The composition of claim 4 wherein said composition further comprises a 
sensitizer for the photo-generated acid precursor. 
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23. The composition of claim 3 wherein said at least one radically polymerizable 
component includes tetrahydrofurfuryl acrylate, isobomyl aery late, lauryl acrylate 
and/or caprolactone acrylate. 

24. The composition of claim 3 wherein said at least one radically polymerizable 
component includes a radically polymerizable compound haying hvdroxvl 
functionality. 

25. The composition of claim 3 wherein said at least one radically polymerizable 
component includes caprolactone acrylate. 

26. A photohardenable composition comprising: 

a mixture of cationicallv polymerizable resins consisting essentially of at 
least two epoxv resins wherein a first epoxy resin polymerizes at a slower rate and 
has a higher neat viscosity than a second epoxy resin, 

at least one mono-functional acrylate monomer, 

a photo- generated acid precursor, and 

a free radical polymerization initiator. 

27. The photohardenable composition of claim 26 wherein said composition further 
comprises a multi-functional acrylate monomer. 

28. The photohardenable composition of claim 27 wherein the total amount of mono- 
functional acrylate monomers to the total multi-functional acrylate monomers 
present in the composition, on a parts by weight basis relative to the total 
composition, is 0.12 to 0.9. 

29. The photohardenable composition of claim 27 wherein the total amount of mono- 
functional acrylate monomers to the total amount of multi-functional acrylate 
monomers present in the composition, on a parts by weight basis relative to the 
total composition, is 0.27 to 0.58. 
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30. The photohardenable composition of claim 27 wherein the ratio, on a weight 
basis, of said mixture of cationically polymerizable resins to said mono-functional 
acrylate and multi-functional acrylate monomers is from 3 to 10. 

3 1 . The photohardenable composition of claim 26 wherein said first epoxy resin 
comprises an epoxy phenolic novolac resin and/or an epoxy cresol novolac resin. 

32. The photohardenable composition of claim 3 1 wherein said epoxy phenolic 
noyolac resin has a functionality of 3.6 or more. 

33. The photohardenable composition of claim 26 wherein said second epoxy resin 
comprises at least one cycloaliphatic epoxy. 

34. The photohardenable composition of claim 26 wherein said composition further 
comprises a tri-functional acrylate monomer. 

35. The photohardenable composition of claim 26 wherein said at least one mono- 
functional acrylate monomer includes tetrahydrofurfuryl acrylate, isobomyl 
acrylate. lauryl acrylate and/or caprolactone acrylate. 

36. The photohardenable composition of claim 26 wherein said at least one mono- 
functional acrylate monomer includes a radically polymerizable compound having 
hydroxyl functionality. 

37. The photohardenable composition of claim 26 wherein said at least one mono- 
functional acrylate monomer includes caprolactone acrylate. 

38. The photohardenable composition of claim 26 wherein said composition further 
comprises a sensitizer for the photo-generated acid precursor. 

39. A method for fabricating a three-dimensional article comprising: 
a. forming a layer of a composition comprising, 

a mixture of cationically polymerizable components haying. 
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i} at least one low-viscosity, fast-curing cationically 

polymerizable component, and 

ii) at least one high-viscosity, slow-curing cationically 
polymerizable component, and 

at least one radically polymerizable component: 

b. imagewise exposing areas of at least a portion of the layer to actinic 
radiation: and 

c. introducing a new layer of said composition on to the layer previously 
exposed imagewise in step (b) and repeating step (b). 

40. The method of claim 39 wherein said composition further comprises at least one 
photo-generating acid precursor and at least one free radical initiator. 



41. 


The method of claim 39 wherein said high- viscosity, slow-curing cationically 




polymerizable component has a viscosity of greater than 1000 poise @ 25 °C. 


42. 


The method of claim 39 wherein said high-viscosity, slow-curing cationically 




polymerizable component has a viscosity of greater than 200 poise @ 52°C. 


43. 


The method of claim 41 wherein said high- viscosity, slow-curing cationically 




polymerizable component has a softening point below 40°C. 


44. 


The method of claim 39 wherein said mixture of cationically polymerizable 




components comprises from 5 to 25% by weight of said high- viscosity, slow- 




curing cationically polymerizable component. 


45. 


The method of claim 44 wherein said high- viscosity, slow-curing cationically 




polymerizable component has a viscosity of greater than 1000 poise @ 25°C. 


46. 


The method of claim 39 wherein said at least one radically polymerizable 


component includes at least one mono-functional acrylate monomer. 
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47. The method of claim 46 wherein said at least one radically polymerizable 
component further includes at least one multi-functional acrylate monomer. 

48. The method of claim 47 wherein the total amount of mono-functional acrylate 
monomers to the total amount of multi-functional acrylate monomers present in 
the composition, on a parts by weight basis relative to the total composition, is 
0.12 to 0.9. 

49. The method of claim 47 wherein the total amount of mono-functional acrylate 
monomers to the total amount of multi-functional acrylate monomers present in 
the composition, on a parts by weight basis relative to the total composition, is 
0.27 to 0.58. 

50. The method of claim 46 wherein said at least one radically polymerizable 
component further includes at least one tri-functional acrylate monomer. 

5 1 . The method of claim 50 wherein the total amount of mono-functional acrylate 
monomers to the total amount of tri-functional acrylate monomers present in the 
composition, on a parts by weight basis relative to the total composition, is 0.12 to 
0.9. 

52. The method of claim 50 wherein the total amount of mono-functional acrylate 
monomers to the total amount of tri-functional acrylate monomers present in the 
composition, on a parts by weight basis relative to the total composition, is 0.27 to 
0.58. 

53. The method of claim 39 wherein said at least one radically polymerizable 
component further includes a blend of radically polymerizable monomers 
comprising said at least one mono-functional acrylate monomer and at least one 
multi-functional acrylate monomer. 

54. The method of claim 53 wherein the ratio, on a weight basis, of said blend of 
radically polymerizable monomers to said mixture of cationically polymerizable 
components is from 3 to 10. 
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55. The method of claim 39 wherein said high viscosity, slow-curing cationically 
polymerizable component includes an epoxy phenolic novolac resin and/or an 
epoxv cresol novolac resin. 

56. The method of claim 55 wherein said epoxy phenolic novolac resin has a 
functionality of 3.6 or more. 

57. The method of claim 39 wherein said low-viscosity, fast-curing cationically 
polymerizable component includes at least one cycloaliphatic epoxy. 

58. The method of claim 55 wherein said low-viscosity, fast-curing cationically 
polymerizable component includes at least one cycloaliphatic epoxy. 

59. The method of claim 40 wherein said composition further comprises a sensitizer 
for the photo-generated acid precursor. 

60. A method of forming a photohardenable composition comprising: 

a. forming a mixture of epoxy resins having a first epoxy resin which 
polymerizes at a slower rate and has a higher neat viscosity than a second epoxy 
resin, and 

b. mixing in a free radical polymerizable substance. 

61. The method of claim 60 further comprising adding a photo- generated acid 
precursor, and a free radical polymerization initiator. 

62. The method of claim 61 further comprising admixing a sensitizer for the photo- 
generated acid precursor. 

63. The method of claim 60 wherein said free radical polymerizable substance 
includes a multi-fimctional acrylate monomer. 

64. The method of claim 60 wherein said free radical polymerizable substance 
includes a tri-functional acrylate monomer. 
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65. The method of claim 60 wherein said free radical polymerizable substance 
includes a mono-functional acrylate monomer. 

66. The method of claim 65 wherein said free radical polymerizable substance further 
includes a multi-functional acrylate monomer. 

67. The method of claim 65 wherein said free radical polymerizable substance fiirther 
includes a tri-functional acrylate monomer. 

68. The method of claim 66 wherein the total amount of mono-functional acrylate 
monomers to the total amount of multi-functional acrylate monomers present in 
the composition, on a parts by weight basis relative to the total composition, is 
0.12 to 0.9. 

69. The method of claim 66 wherein the total amount of mono-functional acrylate 
monomers to the total amount of multi-functional acrylate monomers present in 
the composition, on a parts by weight basis relative to the total composition, is 
0.27 to 0.58. 

70. The method of claim 60 wherein said free radical polymerizable substance 
comprises a blend of at least one mono-functional acrylate monomer and at least 
one multi-functional acrylate monomer. 

7 1 . The method of claim 70 wherein the ratio, on a weight basis, of said mixture of 
epoxy resins to said free radical polymerizable substance is from 3 to 10. 

72. The method of claim 60 wherein said first epoxy resin comprises an epoxy 
phenolic novolac resin and/or an epoxy cresol novolac resin. 

73. The method of claim 72 wherein said epoxy phenolic novolac resin has a 
functionality of 3.6 or more. 

74. The method of claim 60 wherein said second epoxy resin comprises at least one 
cycloaliphatic epoxy. 
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75. The method of claim 60 wherein said first epoxy resin has a viscosity of greater 
than 1000 poise @ 25°C. 

16. The method of claim 60 wherein said first epoxy resin has a viscosity of greater 
than 200 poise @ 52°C. 

77. The method of claim 76 wherein said first epoxy resin has a softening point below 
40°C. 

78. The method of claim 60 wherein said mixture of epoxy resins comprises from 5 to 
25% by weight of said first epoxy resin. 

79. The method of claim 75 wherein said mixture of epoxy resins comprises from 5 to 
25% by weight of said first epoxy resin. 

80. A composition comprising: 

a mixture of epoxy resins comprising from 5 to 25% by weight, relative to 
the total mixture, of at least one high- viscosity, slow-curing epoxy, wherein said 
high- viscosity, slow-curing cationically polymerizable component has a viscosity 
of greater than 1000 poise @ 25 °C and a softening point below 40°C, and at least 
one low-viscosity, fast-curing epoxy, 

a blend of acrylate functional monomers comprising at least one multi- 
functional acrylate monomer and at least one mono-functional acrylate, wherein 
the ratio of said at least one mono-functional acrylate monomer to said at least 
one multi-functional acrylate monomer, on a parts by weight basis relative to the 
total composition, is 0.12 to 0.9, 

at least one photo-generating acid precursor, and 

at least one free radical initiator. 

wherein the ratio, on a weight basis, of said blend of epoxy resins and said 
blend of functional acrylate monomers is from 3 to 10. 
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81. A method of forming a three-dimensional article comprising: 

processing the composition of claim 80 to form a solid image. 

82. A method of forming the composition of claim 80 comprising: 

forming said composition by combining said mixture of epoxy resins, said 
blend of acrylate functional monomers, said at least one photo-generating acid 
precursor, and said at least one free radical initiator. 

83. An article formed from the composition of claim 80. 



ABSTRACT 

A photcaiardenablc ocaiqxKition especially suitabk for use 
in solid Imaging. The ccnnpositions are characterized by 
tbdr in^ved photospeed in ctanhined with excellent ini- 
tial gteen strength. The con^itioiis allows fw the pioduc- 
tion of articles by solid imaging processing techniques that 
show Httie <x no distorticHi, hi^ accuracy, excellent clarity. 
The conqrasitions are low in toxicity and have low semsi- 
tivity to water. 



